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Introduction 

Breast cancer spread into the lymph nodes (LN) is the single most deadly 
prognostic factor identified to date. Understanding factors that regulate cancer-
cell colonization of the lymphatics is essential to prevent malignant invasion. 
Most breast cancers are estrogen (ER) and/or progesterone receptor (PR) 
positive, and the majority of breast cancers that spread to the LN maintain ER 
and PR. However, due to lack of experimental models of ER+ breast cancer 
metastasis, little is known about the roles of hormones in breast cancer spread 
to, and growth in, LNs. 
 
Hypotheses: I postulate that breast cancer metastasis to LN is dependent on 
tumor growth and tumor size. Second, I predict that tumor spread to LNs is 
dependent on tumor associated lymphangiogenesis. Finally, I hypothesize that 
ER expression and transcriptional function is maintained in tumors and LN 
metastases.  
 
Project goals: I plan to develop and then define models of ER+ breast cancer 
metastasis, in preparation for studies of hormone action that will address 
hormonal regulation of key genes involved in lymphatic development, LN spread, 
and growth of cancer cells within the LNs. 
 
Approved STATEMENT OF WORK: 
 
Task 1. Develop and characterize all cell lines used in the study (Months 1-
6).   

A. Make ZsGreen and DsRed-Express polyclonal stable cell lines. 
B. Quantitation of ER and PR protein expression in each lines. 

 
Task 2. Assess the impact of systemic estrogen and progesterone on ER+/- 
PR+/- breast cancer lymphatic spread (Months 6-36). 

A. Grow and determine the rate of lymphatic invasion using 
homogeneous or dual colored mixed ER+/-, PR+/- tumors with no 
systemic hormones, E, P, E+P. 

B. Perform immunohistochemistry on tumors, lymphatics, and LNs 
to understand effects of E and P on cancer cells, lymphatics, and 
LNs. 

 
Task 3. Determine hormonal influence to tumor lymphangiogenesis 
(Months 8-36). 

A. Determine hormone influence on gene expression of 
lymphangiogenic factors. 

B. Immunohistochemically quantitate lymph vessels in each tumor 
line and determine the influence of hormones on lymphatic vessel 
development. 
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Body 

Task 1.  The majority of the work to date is summarized in my first author 
publication enclosed within the appendix, “Estrogen receptor positive breast 
cancer metastasis: Altered hormonal sensitivity and tumor aggressiveness in 
lymphatic vessels and lymph nodes” (1).  In this paper I describe the studies that 
complete task 1 of the approved statement of work.  This includes; (a) 
fluorescently labeling ER+ breast cancer cells (MCF-7 and T47D) with ZsGreen 
and DsRed-Express, and, (b) immunohistochemically quantifying the amounts of 
ER and PR expression in the breast cancer cells grown in vivo.  

 The methods used to complete the statement of work for task 1A, the 
labeling of the cancer cells with green and red fluorescent proteins, was done 
through generating packaging cells that produced ZsGreen or DsRedExpress 
retrovirus.  To obtain potent retrovirus, I found it necessary to use fluorescence 
associated cell sorting (FACS) to isolate out the brightest packaging cells that 
subsequently produce the most virus.  I used this approach for both the red and 
green packaging cells.  Overlaying the virus on the cancer cells required multiple 
rounds of transduction for them to turn green or red.  After transduction the cells 
were selected and a homogenously fluorescent polyclonal population was 
isolated by FACS.  These cells were then expanded and frozen down into 
multiple bullets so that every in vivo experiment would be conducted from the 
same passage number cell lines. 

 The methods used to complete the statement of work for task 1B, which 
included the immunohistochemical quantification of the levels of MCF-7 ER and 
PR in the MCF7 cancer cells, were reported in detail in my first author publication 
(1). In short, ER were highly expressed in mammary gland tumors of all estradiol-
free mice. However, ligand-dependent downregulation of ER was observed in 
tumors upon estradiol supplementation.  This downregulation corresponded with 
PR expression, demonstrating the correlation between ligand dependent 
downregulation of ER and its transcriptional activity. Surprisingly, these 
expression patterns were altered in metastases within the lymphatic vessels or in 
LNs, with increased ER and decreased PR in lymphatic metastases. This 
suggests that the lymphatic environment makes ER+ cancer cells estrogen 
insensitive (Harrell et al, figure 6). These finding led me to conduct follow-up 
studies that are currently underway. In addition, it should be mentioned that the 
route of metastatic dissemination was identical between the MCF-7 and T47D 
cell lines.  These studies complete task 1. 

 
 
Task 2.  The second task in my approved statement of work is to assess the 
impact of systemic estrogen and progesterone on ER+/- PR+/- breast cancer 
lymphatic spread (Months 6-36). Results concluded so far are documented in 
detail in my first author paper (1).  In short, so far I have investigated the 
requirement of estradiol in stimulating tumor growth and LN metastases. Using 
both ER+ MCF-7 and T47D human breast cancer cells we found that estradiol 
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was strictly required for tumor growth and subsequent LN metastasis (Harrell et 
al, figure 3). Immunohistochemistry (task 2b), found differences in ER and PR 
expression in tumors and lymphatic metastases (previously discussed). 
 Now that I have characterized the effects of estradiol alone on tumor 
growth and LN spread, over the next 12 months I will initiate studies that 
investigate how progesterone alone or in combination affect ER+ tumor growth 
and metastasis. The findings of reduced PR expression (from task 1 above) in 
metastases suggests that treating mice with estradiol + progesterone may not 
affect cancer cells any differently once they become metastatic—as the amount 
of PR that can bind progesterone is diminished.  Nevertheless, since primary 
MCF-7 tumors express PR upon estradiol treatment it will be interesting to know 
if tumor growth or cancer cell entry into lymphatics is altered by the addition of 
progesterone with estradiol, or with progesterone alone. 
 Once the studies investigating the roles of progesterone +/- estradiol in LN 
metastasis are underway and providing information, I will then expand the model 
and incorporate the use of ER- cell lines individually and in combination with ER+ 
cell lines. The goal of these studies will be to determine if tumors containing 
mixed ER+ and ER− cells behave differently from pure tumor cell populations 
and inform us if ER and PR potentially regulate different paracrine factors that 
impact tumor growth and spread.   

 

Task 3.  The third task in my approved statement of work is to determine 
hormonal influence on tumor lymphangiogenesis.  In my first-author publication I 
show that estradiol dependent tumor growth correlates with intratumoral 
lymphangiogenesis (Harrell et al, Figure 4), where intratumoral lymphatic vessels 
were only identified in estradiol treated MCF-7 tumors. Peritumoral LVs were 
found surrounding nearly all tumors, regardless of hormone treatment, and likely 
derived from the normal lymphatic vasculature that makes up the mammary 
gland.  Interestingly, not all tumors that contained peri- or intratumoral lymphatic 
vessels generated LN metastasis, and tumors that were found to not contain 
intratumoral lymphatic vessels also shed metastases.  From these results we 
conclude that estradiol-dependent tumor growth correlates with intratumoral 
lymphatic vessel development, however, presence of these vessels is not 
required for LN colonization. Over the next 12 months I plan to determine the 
influence of hormones on gene expression of known lymphangiogenic factors.  
Through global gene expression profiling and/or RT-PCR I will determine if any of 
the known lymphangiogenic factors that are secreted by cancer cells are 
influenced by estradiol or progesterone.  

 

Ongoing studies.  Based on the findings of apparent estradiol insensitivity 
observed in ER+ LN metastasis described in Harrell et al., (1), I have initiated 
studies to further investigate if estradiol signaling through ER is different between 
cancer cells that comprise mammary glands versus cancer cells that have 
metastasized to the LN.  Through an expansion of the current in vivo tumor 
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growth and metastasis model, I have designed experiments that will identify the 
genes that are estradiol regulated in MCF-7 tumors and their matched LN 
metastases. Data from these studies will help fulfill requirements for tasks 2 &3 
and will help determine the mechanisms that contribute to heighted proliferation 
rates and CD44 expression observed in LN metastases (Harrell et al.).  In this 
model the tumors will be grown with estradiol supplementation until they 
generate axillary LN metastasis, upon which time half of the mice will undergo a 
one- or four-week estradiol withdrawal procedure. Estrogenized mice, and those 
that have undergone estradiol withdrawal, will have their tumors and LNs 
containing metastases removed, subjected to laser-capture microdissection, and 
analyzed by microarray analysis.  The laser-capture microarray procedure will be 
required to isolate and further analyze equal numbers of human cancer cells 
growing as tumors and LN metastases.  These studies are currently underway.  
An example of how these cells will be identified and captured is shown in figure 
1.    
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Figure 1.  Identification of MCF7+ZsGreen cells in tumors and LN metastases for laser capture isolation. 
A, Fluorescent whole body image of bilateral MCF7+ZsGreen tumors. B, Fluorescent whole body image 
of MCF7+ZsGreen metastasis to the left axillary LN. C, Fluorescence IHC for cytokeratin 18 (red) and 
DAPI (blue) of an axillary LN metastasis (4x). D, White-light laser capture microscope image of an axillary 
LN metastasis showing MCF-7 cells or lymphocytes (Ly) (40x). E, H&E of a MCF-7 LN metastasis. F, 
Serial section with MCF-7 cells marked for laser capture. G, Captured cancer cells. 
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Key Research Accomplishments 

• Publications: One first author, two second author. 

Harrell JC, Dye WW, Allred DC, Jedlicka P, Spoelstra NS, Sartorius CA, Horwitz 
KB. Estrogen receptor positive breast cancer metastasis: altered hormonal sensitivity 
and tumor aggressiveness in lymphatic vessels and lymph nodes. Cancer Res. 2006 
Sep 15;66(18):9308-15. 

Jacobsen BM, Harrell JC, Jedlicka P, Borges VF, Varella-Garcia M, Horwitz KB. 
Spontaneous fusion with, and transformation of mouse stroma by, malignant human 
breast cancer epithelium. Cancer Res. 2006 Aug 15;66(16):8274-9. 

Massart F, Harrell JC, Federico G, Saggese G. Thyroid outcome during long-term 
gonadotropin-releasing hormone agonist treatments for idiopathic precocious puberty. 
J Adolesc Health. 2007 Mar;40(3):252-7. Epub 2007 Jan 5. 

• Meetings attended 

2006 Gordon Conference: Molecular Mechanisms in Lymphatic Function & Disease. 
September 3, 2006-September 8, 2006.  Les Diablerets, Switzerland. 

2007 Keystone Symposia: Host cell Interaction and Response to the Cancer Cell.  
January 21-26, 2007.  Keystone, Colorado. 

• Awards 

2007 United States National Science Foundation & Australian Academy of Sciences 
East Asian and Pacific Summer Institutes. June 13-August 8 2007, University of 
Adelaide, Adelaide, Australia. 

1st place student poster: 2006 University of Colorado Health Sciences Center’s 
Department of Medicine Fourth Annual Research Day. October 21, 2006, Aurora, 
Colorado. 

2nd place poster:  2006 University of Colorado Health Sciences Center’s Department 
of Cellular and Developmental Biology Annual Retreat.  September 2006, Estes Park, 
Colorado.   

2006 UCHSC C. Werner and Kitty Hirs Research Award for PhD Student Travel to 
National Meetings. 
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Reportable Outcomes 

1-First Author Manuscripts 
 
Harrell JC, Dye WW, Allred DC, Jedlicka P, Spoelstra NS, Sartorius CA, Horwitz KB. 
Estrogen receptor positive breast cancer metastasis: altered hormonal sensitivity and 
tumor aggressiveness in lymphatic vessels and lymph nodes. Cancer Research. 2006 
Sep 15;66 (18):9308-15.  
 
2-Abstracts 
 
2006 Gordon Conference: Molecular mechanisms in lymphatic function and 
disease. Les Diablerets, Switzerland. 
 
2007 Keystone Symposia: Host cell interaction and response to the cancer cell.  
Keystone, Colorado. 

3-Funding applied for based on the work supported by this training grant 

2007 DOD Breast Cancer Research Program Concept Award 

Applied: February 6, 2007. This grant aims to expand on the development of the 
fluorescent breast cancer lymphatic metastasis models by generating more 
distant models of breast cancer metastasis. If funded these studies will parallel 
the lymphatic metastasis studies currently ongoing, but will be distinct in that they 
will focus on distant blood vessel derived metastases.  

 
Conclusions 

The first year of the funding (March 1 2006-March 1, 2007) for the predoctoral 
grant BC050889 was highly successful. The research conducted yielded exciting 
results and the development of the first known reliable model of ER+ breast 
cancer metastasis in vivo. This model and methods have since led to the 
establishment of collaborations with numerous investigators at UCHSC. Initial 
results found that there are differences in estrogen responsiveness in breast 
tumors compared to the matched LN metastases, suggesting that aromatase 
inhibitors and other estrogen/ER mediated therapies may be differentially 
affecting cancer cells—dependent on their tissue location.   

Reference 

Joshua Chuck Harrell, Wendy W. Dye, D. Craig Allred, Paul Jedlicka, Nicole S. 
Spoelstra, Carol A. Sartorius, and Kathryn B. Horwitz. Estrogen Receptor 
Positive Breast Cancer Metastasis: Altered Hormonal Sensitivity and Tumor 
Aggressiveness in Lymphatic Vessels and Lymph Nodes. Cancer Research, 
2006; 66: (18). September 15, 2006. 
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Abstracts of Meetings Attended 
 
 
2006 Gordon Conference: Molecular mechanisms in lymphatic function and 

disease 
 

J. Chuck Harrell, Wendy W. Dye, Carol A. Sartorius, Kathryn B. Horwitz. 
Department of Medicine and Program in Reproductive Sciences, University of 
Colorado Health Sciences Center, Aurora, CO, USA 80010 
 
Characterizing a model of estrogen-dependent breast cancer lymphatic 
metastasis 
 
Background:  Breast cancer metastasis kills over 400,000 women worldwide 
each year.  The first location breast cancers spread to are usually the lymph 
nodes.  Seventy-five percent of primary breast tumors are estrogen (ER) and/or 
progesterone receptor (PR) positive and nearly all lymph node metastases retain 
ER/PR.  To date, no models have been employed to study the effects of 
hormones on cancer cell movement through lymphatic vessels into lymph nodes.   
Methods:  ER+/PR+ human breast cancer cells (MCF-7, T47D) were retrovirally 
labeled to express the new fluorescent proteins ZsGreen or DsRed-Express.  To 
establish tumors, the abdominal mammary glands of ovariectomized nude mice 
were injected with one-million fluorescent cancer cells in 100% matrigel.  Mice 
were untreated or supplemented with estradiol for up to 12 weeks.  Tumor growth 
and lymphatic dissemination were monitored weekly with fluorescent whole body 
imaging, and intravital fluorescence microscopy identified metastases at 
necropsy.  These techniques allowed us to isolate matched trios of tumors, 
lymphatic vessel emboli, and lymph node metastases.   
Results:  Tumor growth and lymph node spread of both cell lines was estrogen 
dependent.  Seventy percent of estrogen treated tumors yielded metastases that 
could be monitored in living mice without the use of anesthetics.  In the primary 
tumors, estrogen-induced tumor growth was found to induce intratumoral 
lymphangiogenesis. ER expression was drastically reduced with estrogen 
supplementation and this coincided with heterogeneous expression of PR.  In 
estrogenized states the lymphatic emboli expressed tumor-like proportions of ER 
and PR, whereas the lymph node metastases had slightly increased ER levels 
and reduced PR expression.  BrdU labeling showed proliferation rates that were 
equivalent in tumors and lymphatic emboli; lymph node metastases however, 
exhibited a 42% increase in proliferation rate compared to the primary tumor from 
the same mouse. 



 

Discussion:  We have developed a model of ER+/PR+ breast cancer lymph 
node metastasis that allows for study of hormone regulation of this process within 
the tumor, the lymphatics and lymph nodes.  Equivalent ER, PR, and proliferation 
rates in the primary tumor and lymphatic vessel emboli suggests that ER+ breast 
cancers need not lose estrogen responsiveness for lymphatic metastasis.  These 
data also suggest that the lymph node microenvironment may contribute to the 
physiology of metastatic cancers. DOD grant to JCH BC050889. 
 

 
 

2007 Keystone Symposia: Host cell interaction and response to the cancer 
cell 

 
Estrogen regulates different sets of genes in primary breast tumors and 
their lymph node metastases 

 
J. Chuck Harrell, Wendy W. Dye, Djuana M. E. Harvell, Carol A. Sartorius, 
Kathryn B. Horwitz. Department of Medicine and Program in Reproductive 
Sciences, University of Colorado Health Sciences Center, Aurora, CO, USA 
80010 
 
The majority of primary breast tumors and their metastases are estrogen 
receptor positive. Spread to lymph nodes (LN) indicates advanced disease, often 
foreshadowing further spread. To understand how hormones impact this process 
we established a fluorescent xenograft model of estrogen-dependent human 
breast cancer metastasis. Initial studies indicated increased proliferation rate and 
decreased estrogen-dependent progesterone receptor expression in lymphatic 
vessel (LV) and LN metastases compared to their matched primary tumors, 
suggesting that each microenvironment uniquely influences cancer 
aggressiveness. To determine genomic targets that control enhanced 
aggressiveness in LNs, matched pairs of primary tumors and their LN 
metastases from estradiol treated nude mice were removed and frozen. Pure 
tumor cells were isolated from serial sections by laser capture microdissection 
and processed for microarray analyses. Approximately 60% of transcripts were 
co-expressed in the two microenvironments. However, subsets of genes were 
uniquely expressed in tumors or their LN metastases. Among transcripts 
upregulated in the LNs were ones encoding CD44. This was confirmed by 
immunohistochemical analyses from matched tumors, LV emboli, and LN 
metastases, which showed that CD44 protein was upregulated in LV and LN 
metastases. We hypothesize that CD44 selects primary tumor cells for lymphatic 
transit. To determine if gene regulation by estrogen is altered in the LN 
microenvironment compared to the primary tumor, we also determined how the 
gene expression profiles in each compartment changed when estradiol was 
removed. Interestingly, different subsets of genes were estrogen regulated in the 
LN compared to the primary tumor. These results suggest that therapeutics 
targeting ER+ breast cancers differentially affect primary tumors and their 
metastases. DOD grant to JCH BC050889. 
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Estrogen Receptor Positive Breast Cancer Metastasis: Altered

Hormonal Sensitivity and Tumor Aggressiveness in

Lymphatic Vessels and Lymph Nodes
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Abstract

Breast cancers commonly spread to lymph nodes (LNs). If the
primary tumors are estrogen receptor (ER) and/or progester-
one receptor (PR) positive, then the likelihood that LN
metastases express receptors exceeds 80%. However, due to
lack of ER+ models, little is known about the role of hormones
in breast cancer spread or the effects of the LN microenvi-
ronment on hormone responsiveness. We have developed
metastasis models using ZsGreen labeled MCF-7 and T47D
human breast cancer cells. Tumors are tracked in living mice
by whole-body imaging, and macrometastases or micrometa-
stases are detected by intravital imaging or fluorescence
microscopy. Tumor growth is estrogen dependent and
required for intratumoral lymphangiogenesis. Seventy-five
percent of all tumors and >95% of larger tumors generate
LN metastases. Occasionally more distant metastases are also
observed. ‘‘Triads’’ of primary tumors, tumor-filled draining
lymphatic vessels, and tumor-filled LNs from the same mouse
show that (a) proliferation, as measured by 5-bromo-2¶-
deoxyuridine uptake, is higher in the LN than in the primary
tumor. (b) High ER levels are extensively down-regulated by
estradiol in primary tumors. However, there is partial failure
of ER down-regulation in LNs associated with (c) reduced PR
expression. This suggests that ER are dysfunctional in the LN
microenvironment and perhaps hormone resistant. (d) CD44
is sparsely expressed in primary tumor cells but homoge-
neously overexpressed in cells transiting the lymphatics and
populating LNs. We hypothesize that CD44 expression targets
tumor cells for transport to, and uptake in, LNs. If so, the
CD44 pathway could be targeted therapeutically to slow or
prevent LN metastases. (Cancer Res 2006; 66(18): 9308-15)

Introduction

Advanced breast cancer kills >40,000 American women each year
and 10 times that number worldwide (1, 2). Seventy to 80% of
primary breast cancers are estrogen receptor (ER) and/or
progesterone receptor (PR) positive and considered to be hormone
responsive (3). Importantly, if the primary tumors are ER+, >80% of
lymph node (LN) metastases and 65% to 70% of distant metastases
retain their receptors (4–6). Despite this, little is known about the
role, if any, of estrogens or progestins in influencing the spread of

tumor cells from the primary site, or their deposition and growth at
metastatic sites.
This lack of information is due, in part, to a lack of ER+

experimental metastasis models. The three ER+ human breast
cancer cell lines most widely used for orthotopic xenograft studies
are MCF-7, T47D, and ZR75 cells (7). They develop tumors in
mammary glands of nude mice in response to estradiol
supplementation (8, 9). However, most reports state that such
tumors are poorly invasive and rarely, if ever, metastasize (9).
Indeed, most metastasis models do not use these cells, relying
instead on ER� cell lines like MDA-231, MDA-435 (10) and similar
cells that express putative aggressiveness markers and do
metastasize in nude mice. Other studies analyze only late stages
of metastases by injecting ER� tumor cells directly into the
circulation (11). Alternative approaches for studying tumor
aggressiveness from orthotopic sites with ER+ breast cancer cells
involve their modification to overexpress oncogenes like v-Ha-ras
(12) or HER-2/neu (13), growth factors like vascular endothelial
growth factor (14) or fibroblast growth factor (15), or transcription
factors like Id-1 (16) or Fra-1 (17), in an effort to enhance tumor
progression while suppressing estrogen-dependent behavior (18).
We considered, however, that if the clinical data cited above are a
guide, it should not be necessary to suppress hormone respon-
siveness to achieve a metastatic phenotype.
Observation of metastasis can be difficult, especially if few cells

are involved or appropriate target organs are unexplored. The
development of fluorescent proteins to genetically tag living cells
has greatly increased the likelihood that metastases will be
visualized (19). Indeed, jellyfish green fluorescent protein has been
widely used for studies of ER� cells (20). Recently, a set of coral reef
fluorescent proteins were identified that require no cofactors or
substrates (21). These fluors have been modified to produce
variants with even brighter fluorescence and enhanced emission
characteristics than green fluorescent protein, and codon usage has
been modified to optimize their mammalian expression. Among
these fluors, ZsGreen has unique excitation and emission patterns
within the visible spectrum.
This report reevaluates the metastatic potential of ER+ MCF-7

and T47D human breast cancer cells in orthotopic mouse tumors
using ZsGreen as a sensitive new tracking method. Cells stably
expressing this fluor and grown as xenografts in mammary glands
of nude mice were absolutely estrogen dependent. Tumor
fluorescence was stable and superficial LN metastases were
monitored in living mice. At necropsy, stably fluorescent metastatic
cells were reliably detected microscopically in lymphatics in local
and distant LNs and, occasionally, in distant organs. If the primary
tumors were ER+ and PR+, then metastases retained receptors, but
their expression levels and that of the proliferation marker
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5-bromo-2¶-deoxyuridine (BrdUrd) were modified by the LN micro-
environment. In addition, the hyaluronan receptors, CD44, which
control chemotactic behavior of tumor cells (22), were up-regulated
in cells transiting the lymphatics and retained in LNs. These data
suggest strategies for suppressing LN metastases and indicate that
once in the LNs, tumor cells have reduced hormonal sensitivity.

Materials and Methods

Cell lines. MCF-7 cells were originally purchased from American Type

Culture Collection (Manassas, VA). Generation of T47D cells that express
one PR isoform was previously described (23), and in the present study PR-B

expressing T47D cells were used exclusively. The ZsGreen-N1 expression

vector, PT-67 packaging cell line, and pLNCX2 retroviral vector were

purchased from Clontech/Becton Dickinson (Franklin Lakes, NJ). Fluores-
cent retroviral vectors were generated by cloning the DNA coding sequence

of ZsGreen into the pLNCX2 vector using the restriction enzymes HindIII

and NotI and T4 ligase. Plasmids were then transfected into PT-67
packaging cells with a standard calcium phosphate protocol. Stable

retrovirus producing cells were selected by 2 weeks of treatment with

500 Ag/mL G418. MCF-7 or T47D cells were plated atf20% confluence and

incubated in filtered, virus-containing supernatant. Cells were serially
transduced two to three times for 24 hours each round, at which point they

exhibited heterogeneous green expression. Cells were then subjected to

G418 selection, followed by aseptic fluorescence associated cell sorting

(FACS), to isolate a homogeneously bright green subpopulation. These cells
were returned to culture and remained bright green through multiple

passage generations. Expression of ER and PR in the selected cells was

confirmed by immunohistochemistry (see below).
Xenograft tumor growth and metastases. All animal procedures were

done under a protocol approved by the University of Colorado Institutional

Animal Care and Use Committee. Ovariectomized female athymic nu/nu

mice were obtained from Harlan Sprague-Dawley (Indianapolis, IN) at 5 to
6 weeks of age. To establish tumors, animals were anesthetized with Avertin

and injected into the opening of the lactiferous duct of the abdominal

mammary gland with 1 million ZsGreen-expressing MCF-7 or T47D cells in

100% Matrigel (Becton Dickinson). Mice were also implanted with silastic
pellets containing cellulose (10 mg) or 17h-estradiol (2 mg + 8 mg cellulose)
as previously described (24). Tumor size was recorded weekly with a digital

caliper. Fluorescent whole-body imaging was done weekly (Illumatool 9900,

Lightools Research, Encinitas, CA). Two hours before necropsy 100 mg/kg
BrdUrd in PBS was injected i.p. At the end of the study, mice were

euthanized by CO2 asphyxiation and fluorescent intravital optical imaging

was done by coupling the Illumatool with an Olympus (Melville, NY) SZ-61
dissecting microscope and Olympus C-5050 digital camera. Organs were

removed for histology, immunohistochemistry, and fluorescence microscopy.

Histology, immunohistochemistry, and fluorescence microscopy.
Organs were fixed in 4% paraformaldehyde overnight, paraffin embedded,
and cut into 4- to 5-Am sections. After high-temperature antigen retrieval in

citrate buffer, sections were stained with H&E. Immunohistochemistry was

done on parallel sections for 1 hour at room temperature, with primary

antibodies directed against ER (6F11; Vector Labs, Burlingame, CA), PR
(1294; Dako, Carpinteria, CA), BrdUrd (Becton Dickinson), CK18 (Calbio-

chem, La Jolla, CA), CK8/CK18 (5D3; Novocastra, Newcastle-upon-Tyne,

United Kingdom), LYVE-1 (Upstate, Lake Placid, NY), Prox-1 (Abcam,
Cambridge, MA), or CD44 (Ab4; NeoMarkers/Labvision, Fremont, CA).

Bound primary antibodies were detected with horseradish peroxidase

(HRP)–conjugated goat anti-mouse and/or goat anti-rabbit secondary

antibodies (Envision HRP; Dako). Sections were counterstained with
hematoxylin and mounted. For immunofluorescence microscopy, goat

anti-rabbit Alexa Fluor 555 (red) and goat anti-mouse Alexa Fluor 488

(green) secondary antibodies were used (Alexa Fluors; Invitrogen, Carlsbad,

CA). For fluorescence microscopy, tissues were processed and sectioned as
above, paraffin was removed with xylene, and then mounted with

fluoromount G (EMS, Hatfield, PA).

Statistical analyses. Data from immunohistochemistry experiments were

collected by an investigator who photographed tissue sections and a blinded

investigator that counted cells from random fields of stained sections using
Image Pro software version 4.5.0.29 (Media Cybernetics, Inc., Silver Spring,

MD). Each field was quantified either as a percentage of positively stained

cells or an Allred score (ref. 25; percent of labeled cells added to the intensity

of immunolabeling). Fields from the same tissue section were averaged and
SPSS software version 12.0.2 (SPSS, Inc., Chicago, IL) was used to analyze the

data. A Mann-Whitney U test was used to compare BrdUrd-positive HRP-

stained cells in independent, nonparametric samples of estradiol- and

placebo-treated mouse tumors. Paired t test was used to compare fluorescent-
stained cells positive for CK18/BrdUrd, ER, or PR of tumor, LN, and associated

lymphatic embolus triad from one mouse to those of other triads from other

mice. A marginal homogeneity test was used to compare ER+ and PR+ HRP

expression on Allred scores in nonparametric mouse triad samples. For all
tests, P < 0.05 was considered significant.

Results

An in vivo model of estrogen-dependent human breast
cancer LN metastasis. The ER+ human breast cancer cell lines
MCF-7 and T47D are commonly used to study the biology of estro-
gen action in vitro . These cells also grow as estrogen-dependent
xenografts in nude mice (8, 24, 26), but most published reports state
that orthotopic tumors fail to metastasize. Because, clinically, ER+
tumors metastasize frequently (4–6), we decided to reevaluate the
metastatic potential of ER+ human breast cancer cells in xenografts
using sensitive new tracking methods. To this end, MCF-7 and T47D
cells were retrovirally transduced with ZsGreen, G418 selected, and
the brightest green subpopulation was isolated by FACS sorting.
Confocal imaging showed that ZsGreen was highly expressed in
both cell types, in the cytoplasm and nuclei (not shown). Intense
fluorescence is maintained through multiple passages, the fluor is
nontoxic, and photobleaching studies show that ZsGreen, a coral
reef protein, is much brighter and more photostable than green
fluorescent protein, a jellyfish protein (not shown).

Visualizing lymphovascular tumor cell spread. One million
fluorescent tumor cells in Matrigel were injected into the lactiferous
duct of the abdominal (#4) mammary gland of 5- to 6-week-old,
ovariectomized nu/nu mice supplemented with an estradiol-
releasing silastic pellet (24). This injection route led to formation
of well-circumscribed tumor cell nodules distant from the subiliac
LN in the gland, as shown by a whole mount 3 days after injection
(Fig. 1A, top). In contrast, whole mount of a tumor at 12 weeks shows
the subiliac LN, still physically distinct from the primary tumor but
already highly involved with tumor cells (Fig. 1A, bottom).
This protocol was used to track the spread of ER+ tumors

beyond the #4 mammary gland using whole-body imaging of live
mice done weekly. Figure 1B shows an image of tumor tracks
photographed through the skin of an intact mouse at 12 weeks.
Bright green bilateral tumors are present in mammary gland #4 at
the groin, and both subiliac mammary gland LNs contain tumor
cells. Also clearly visible are tumor cell tracks in the epigastric
collecting lymphatic vessels (LV) draining the tumor cranially on
the right, as well as tumor cells in the right axillary LN. Similarly,
three distinct green fluorescent clusters of tumor cells are faintly
seen in the left lymphatics and axillary LN.
At sacrifice, intravital fluorescence microscopy was used to

examine tumor spread to visceral tissues as shown in Fig. 1C
and D . An axillary LN micrometastasis is seen in one mouse at
12 weeks (Fig. 1 C, left) and a fully involved LN metastasis in
another mouse at 12 weeks (Fig. 1C, right). Figure 1C also shows
the afferent LV full of tumor cells, with the parallel epigastric vein
devoid of such cells. Tumor cells also spread medially to the
abdomen. Shown in Fig. 1D is early invasion into a periaortic LN
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(left) and also much more extensive metastases to periaortic and
renal LNs (right).
Bilateral tumor-filled lymphatic tracks exiting a primary tumor

are clearly seen in Fig. 2A . LV full of tumor cells extend both
cranially and medially from the tumor. It is possible that the
tortuously branching network of lymphatics exiting the tumor
cranially represents lymphangiogenesis. A higher-power view of the

laterally branching iliac LV shows that the tumor cells within it
coalesced into emboli rather than moving as discrete cells. In
response to mechanical pressure applied either to the tumor or the
efferent lymphatic root during dissections, fluorescent emboli in
collecting lymphatics can often be seen moving into their draining
LN (not shown). This has implications for the order in which breast
surgical procedures and sentinel node biopsies are done. In general,

Figure 1. Whole-body and intravital images of
ZsGreen-expressing ER+ human breast cancer
cells and their LN metastases. A, excised
abdominal mammary gland from a 3-day-old
MCF-7 tumor, in relation to the subiliac LN
(top, dashed circle ), and from a 12-week-old
MCF-7 tumor with a LN metastasis at a similar site
(bottom ). B, whole-body image showing bilateral
T47D tumors (T ), subiliac LN metastases (*),
collecting LV (arrows ), and axillary LN
macrometastases (right ) and micrometastases
(left; dashed circles ). C, intravital image of MCF-7
axillary LN metastasis showing a micrometastasis
(left ) and a macrometastasis (right ) with a
collecting LV draining into it. D, intravital image of
an MCF-7 metastasis to the left para-aortic LN
(left ) and more progressive disease showing
coalesced left and right para-aortic LNs and further
tumor spread caudally to the renal LNs (right ).

Figure 2. Identification of cancer cells in LVs.
A, top, intravital image of a T47D tumor, showing
its metastasis to the subiliac LN, and cells moving
through the epigastric and iliac LVs. Bottom, higher
magnification of the iliac LV showing clusters of
cells moving inwards toward the para-aortic LNs.
B, the isolated epigastric LV from (A ) showing
cancer cells moving through a collecting valve (*) in
route to the axillary LN. C, left, an isolated
collecting LV full of MCF-7 cancer cells (*)
paralleling a milk duct. Right, a serial section
confirms the identity of the cancer cells and shows
maintenance of ZsGreen fluorescence after tissue
processing into paraffin blocks.
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tumor cell spread to the superficial LNs is restricted to the side of
the body containing the primary tumor, and spread to deeper LNs
becomes bilateral with progressive disease (Fig. 1D). Directional
valves (asterisk) within the LV do not inhibit tumor cells moving
through LVs, as shown in Fig. 2B . Lastly, fluorescence microscopy
can be used to analyze clinicopathologic features of tumors and
their metastases. Importantly, ZsGreen fluorescence is maintained
throughout the histologic fixation process. Figure 2C shows the
H&E stain of a collecting LV filled with tumor cells within the
mammary gland fat pad. A milk duct runs alongside it.
Fluorescence microscopy of a serial section confirms that tumor
cells are restricted to the LV.

Estrogen-dependent tumor growth and rate of LN meta-
stases. Figure 3 summarizes the primary tumor growth pattern of
MCF-7 and T47D cells during 12 weeks of observation and the
extent of LN metastasis as assessed by whole-body and intravital
imaging. Growth from both cell types is estradiol dependent, with
tumors nearly tripling in size in f12 weeks (Fig. 3A). Both MCF-7
and T47D tumors produce LN metastases at the same rate, which
increases with time and tumor size. At 2 weeks, no metastases
occurred. By 4 weeks, f14% of tumors generated LN metastases.
This increased to f75% at 12 weeks. Development of LN
metastases seems to be size dependent (Fig. 3B). A separate
time-course study of tumors grown for 1, 6, or 12 weeks showed
that metastases to superficial subiliac and axillary LN, or to deeper
visceral lateral iliac and aortic lumbar LN surrounding the aorta
and kidneys, tend to occur at the same rate.

Estradiol and LV development. Because only estradiol-treated
tumors yielded LN metastases, we next studied the effects of
estradiol on tumor-associated LV development. For these studies,
tumors were grown with or without estradiol supplementation for
short term (3-10 days) or long term (6-12 weeks) and LV were
quantified with lymphatic-specific LYVE-1 and Prox-1 (not shown)
antibodies. Peritumoral LVs were identified in both treatment
groups and likely represent lymphatics found adjacent to veins and
arteries in the normal mouse mammary gland (Fig. 4). Intratumoral
LVs were not seen after short-term estradiol treatment or in the
estradiol-deprived dormant tumors. Fifty-eight percent of long-term
estradiol-treated tumors contained intratumoral LVs (Fig. 4).
ZsGreen fluorescence was quenched during the immunolabeling
process, allowing for double immunostaining with anti-LYVE and
anti-BrdUrd antibodies (Fig. 4) to assess the proliferation state of
the LV. This procedure showed the LVs to be BrdUrd positive,
suggesting that lymphangiogenesis was occurring. However, double
labeling for LYVE and ER expression showed absence of ER in the
LVs (not shown). We conclude that LV proliferation, although
restricted to the estradiol-dependent growing tumors, is either not
itself estradiol dependent or is occurring in response to paracrine
signals from surrounding ER+ tumor cells.

The triad of primary tumor, lymphatic emboli, and LN
metastases: proliferation. Our ability to dissect a primary tumor,
its draining lymphatic collecting duct filled with tumor cells, and
the downstream tumor-filled LN, from the same mouse, allows
assessment of the role of the microenvironment in tumor cell
proliferation and steroid receptor expression. BrdUrd uptake,
measured with BrdUrd primary antibodies coupled to a HRP or
a green fluorescent secondary antibody, was used to assess the
proliferation rate of cells in these different compartments. In
the absence of estradiol, tumor cells at the injection site remain
viable and proliferate slowly with a labeling index <7% (Fig. 5A),
but at a rate insufficient to elicit an overall increase in tumor

size at 12 (Fig. 3) or 16 to 20 weeks (not shown). These dormant
tumors yield no LN metastases. In the presence of estradiol,
primary tumors exhibit extensive BrdUrd uptake with a labeling
index of f20%.
To accurately quantify dispersed tumor cells and eliminate the

contribution of proliferating normal host cells, tumor cells were
immunolabeled with CK18 and a red secondary antibody. In this
case, proliferating cells were quantified with anti-BrdUrd and a
green fluorescent secondary antibody, and some sections were
also counterstained with blue 4¶,6-diamidino-2-phenylindole
(DAPI). Figure 5B shows two ‘‘triads’’ of tumor, LV and LN. Each
triad came from the same mouse; the two sets were taken from
two different mice. In triad 1, although the primary tumor cells
have a high labeling index, proliferation in the LV embolus is low
and mainly restricted to cells at the periphery, and in the LN,
tumor cells are present only in the subcapsular sinus. The
remainder consists of normal DAPI-stained LN cells (some of

Figure 3. Estrogen-dependent tumor growth is required for LN metastasis.
A, MCF-7 (triangles ) and T47D (circles) tumors were grown either with (+E ) or
without (�E ) estradiol for 12 weeks in ovariectomized nude mice. Tumor area
was quantified with digital calipers and presence of metastases was assessed
by weekly whole-body imaging and by intravital imaging at necropsy. The
percent of mice with LN metastasis is indicated at each time point. B, tumor area
at necropsy as assessed by the diameter in two dimensions. Filled symbols,
tumors from which metastasis developed; open symbols, tumors that did not
generate metastases.
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which are also undergoing cell division). Triad 2 exhibits a
different pattern, with extensive proliferation in the primary
tumor and throughout the LV emboli, and the LN is highly
involved with rapidly proliferating tumor cells.
Figure 5C quantifies all proliferation data. It shows, first, that the

two methods of assessing BrdUrd uptake yielded similar results
(compare the two +E ‘‘tumor’’ sets—one assessed with HRP and the
other with dual BrdUrd/CK18 immunohistochemistry). As expected,
compared with dormant controls, estradiol-treated primary tumors
exhibit a statistically significant increase in proliferation rate from
f7 to f20%. And, compared with the primary tumors, metastatic
cells in the LN microenvironment have a statistically significant
(P = 0.003) further increase to f27%. Proliferation rates of embolic
cells in the LV were variable and not statistically different from the
other two compartments, although they tended to resemble those in
the primary tumor more closely.

The triad of primary tumor, lymphatic emboli, and LN
metastases: ER and PR. ER and PR immunohistochemistries for
two sets of vehicle versus estradiol-treated triads using MCF-7
derived tumors show the heterogeneity observed (Fig. 6). In the
absence of estradiol, levels of ER in tumors are always high.
Estradiol treatment leads to extensive tumor ER down-regulation.
ER tend to remain low in the LV and LN of Fig. 6 (top) but are
somewhat restored in the LN of the second triad (bottom). No PR
are expressed without estradiol induction. Estradiol treatment
leads to heterogeneous PR expression in tumors, which tends to
decrease in LV and LN of the same mouse. Quantitation of PR

data from several mice is shown in Fig. 6. There is a clear trend
of decreased PR expression as cells spread into LV and LN
(P = 0.052). A second experiment (not shown) using fluorescent
immunohistochemistry for ER and PR showed a similar trend
of reduced PR between five tumors and their matched LNs
(P = 0.09). Each immunohistochemical procedure showed a

Figure 5. Assessment of tumor proliferation in MCF-7 tumors, LV emboli,
and LN metastases. A, ovariectomized mice bearing MCF-7 tumors were treated
for 12 weeks with placebo (�E) or estradiol (+E ). Tumors were paraffin
embedded, sectioned, and stained with H&E or analyzed by BrdUrd-HRP
immunohistochemistry. B, dual fluorescence immunohistochemistry for
cytokeratin 18 (red) and BrdUrd (green ) of estradiol-treated MCF-7 tumors,
LV emboli, and LN metastases. Each triad was taken from the same mouse.
Anti-rabbit CK18 and anti-mouse BrdUrd primary antibodies and goat anti-rabbit
(red ) and goat anti-mouse (green ) antibodies were used. A DAPI counterstain
(blue ) was occasionally included. The centrally necrotic regions of tumors were
excluded from analyses. C, quantification of A and B (n = 5 for tumors and LNs;
n = 3 for LVs), showing the data obtained from the HRP based protocol in
A (white columns ) and the dual CK18/BrdUrd protocol in B (black columns ).

Figure 4. Assessment of tumor-associated lymphatics and lymphangiogenesis.
Tumors from 3- to 10-day-old or 6- to 12-week-old placebo-treated (�E)
and estradiol-treated (+E ) ovariectomized mice were paraffin embedded.
Top, sections (5 Am) were probed for LVs with an anti-LYVE-1 antibody and an
HRP-labeled secondary antibody. Bottom, sections were probed by dual
fluorescence immunohistochemistry with mouse anti-BrdUrd and rabbit
anti-LYVE primary antibodies, followed by goat anti-mouse (green ) and goat
anti-rabbit (red ) secondary antibodies, to identify lymphatics in S phase. The
table quantifies the results.
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nonsignificant slight increase in ER expression in the LN
metastases compared with the down-regulated ER in the
estradiol-treated primary tumor.

Selection of cells for lymphatic transit: CD44. Hyaluronan
regulates various aspects of cell behavior, particularly cell
migration and invasiveness. It does so by binding to specific
receptors on the cell surface, the best characterized of which is
CD44 (22). Human breast cancer cells migrate directionally in
response to a hyaluronan gradient depending on CD44 expression
levels (22). Breast cancers secrete factors that up-regulate
hyaluronan expression in osteoblasts (27), which may promote
bone metastasis. Figure 7A shows CD44 expression levels in two
primary tumors and in their LV and/or LN metastases. Set A (top)
clearly shows extensive overexpression of CD44 in tumor cells
occupying the LN microenvironment, compared with the same
tumor cells in the mammary gland, where CD44 expression is
sparse and heterogeneous. Set B includes a matched LV embolus
and again shows sparse and heterogeneous CD44 in the tumor, but
homogenous and elevated CD44 in both the LV embolic tumor
cells, and the LN metastases.

Distant metastases. Metastases to distant organs were occa-
sionally observed with these models. Figure 7B (left) shows H&E
staining of tumor cells metastatic to the lung. Their identity is
confirmed by intense ZsGreen fluorescence in a serial section
(Fig. 7B, right). These lung metastases could have arisen by direct
peritumoral venous invasion and spread (the most direct route to

the lungs from distant body sites) or they may reflect indirect
spread from an overwhelmed lymphatic system via lymphatic-
venous anastomoses. Both mechanisms may contribute to distant
organ metastasis in humans (28). It should be stressed that these
metastases were rare and they occurred only in animals that also
had extensive LN spread.

Perineurial invasion. Perineurial invasion was also noted in
tumors arising from both cell lines. Perineurial invasion is observed
in a variety of human carcinomas and may contribute to local-
regional tumor spread, although it has not been shown to be an
independent prognostic indicator in human mammary carcinomas
(29). Although not as frequent as lymphatic invasion, perineurial
invasion was occasionally found at tumor margins and along the
peripheral nerves that parallel the iliac veins. Figure 7C shows an
H&E stain (left) and CK18 immunohistochemistry (right) of T47D
tumor cells (arrow) tracking along a peripheral nerve (asterisk).

Discussion

LN metastasis in association with tumor size is the single most
powerful indicator of poor prognosis in mammary carcinoma
(30, 31). Pathologic data sets of patients with breast cancer
indicate that, at diagnosis, presence of tumor-infiltrated LNs
is common, with estimates ranging from 30% to 50% of cases
(32–34), depending on tumor size. The dominant feature of the
present model is rapid and reliable LN metastasis of ER+ cells

Figure 6. ER and PR expression in triads of MCF-7 tumors, LV emboli, and LN metastases. Left, representative images of two tumors from placebo (�E) treated
mice and of two matched triads of estradiol-treated (+E ) mice, showing tumors, their lymphatic emboli, and LN metastases. Paraffin-embedded sections were
probed with mouse anti-ER or mouse anti-PR primary antibodies, coupled with goat anti-mouse HRP-conjugated secondary antibodies. Right, quantification of PR
expression in placebo-treated (n = 3) and estradiol-treated tumors (n = 7), LV emboli (n = 3), and LN metastases (n = 5), based on the intensity of cellular staining
combined with the percent of positive cells.
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from orthotopic tumor sites. Two different cell lines, MCF-7 and
T47D, generated estrogen-dependent solid tumors and reliably
produced metastases to local and distant LNs. Under conditions
of the studies, which were terminated at 12 weeks, tumor cells in
LV and LN metastases were observed in 75% of all mice and in
essentially 100% of mice, the primary tumors of which exceeded
f75 mm2 in area (Fig. 3). Clinically, the association between
tumor size and LN involvement is well known (35). Metastases to
other sites, like the lungs (Fig. 7B), were occasionally observed, as
were cells migrating along peripheral nerve tracks (Fig. 7C). The
ability of the latter routes to reliably colonize distant organs
undoubtedly will require longer observation times. This is
suggested by the studies of others. Half a million ER� MDA-231
breast cancer cells, injected directly into the circulation,
nevertheless required 10 to 12 weeks before exhibiting limb bone
metastases in 30% of mice (36). ER+ ZR75 cells injected into the
circulation of mice required 3 to 6 months to yield similar bone
metastases (37).
Use of modified breast cancer cells overexpressing hormones (38),

growth factors (14, 39), and oncogenes (12) shows that the

metastatic potential, route of dispersal, time to metastasis, and
preferred organ arrest site of any cell line are dependent on unique
factors elaborated by that cell, and that much remains
to be learned about the role of estrogens and progestins on
these processes. For example, it has been reported that clinically, ER+
tumors are more likely to spread to bones whereas ER� tumors
more commonly metastasize to the viscera (40, 41). ER+ metastasis
models, reflecting the clinical situation, could help define molecular
mechanisms involved in such tissue specificity.
Expression profiling of matched primary and metastatic LN

tumor pairs in clinical samples has failed to identify genes that
distinguish one from the other (42) because metastases are
genetically more closely related to the primary tumor from which
they arose than to any other metastasis. However, within matched
pairs, select genes are differentially expressed between the tumor
and LN metastasis. Common among these are extracellular matrix
and cell-matrix interacting genes, like the hyaluronan receptor
CD44, which mediates rolling, attachment, and migration of cells
on a hyaluronan substratum (43, 44). We show here that CD44 is
sparsely and heterogeneously expressed in primary tumors but
homogeneously overexpressed in LV tumor cell emboli and LN
metastases (Fig. 7). Because directional migration of breast cancer
cells towards hyaluronan is dependent on CD44 (22), we propose
that the CD44+ subpopulation of primary tumor cells is
preferentially propelled into tumoral lymphatics, and from there
to LNs. If so, therapeutic targeting of the CD44+ subpopulation in a
primary tumor could prevent LN metastases.
There is a high concordance rate (f80-90%) in ER expression

between primary tumors and matched LN metastases (5). However,
in the same patient, considerable disparities can exist in the
concentrations of ER at the two sites, with ER levels often (6, 45) but
not always (45) higher in the LN than in the local primary tumor. We
observe a pattern (Fig. 6) in which ER levels are higher in the LN
than in the primary tumor of the same mouse, an indicator of ER
down-regulation failure in the LN microenvironment. It has been
reported that there is an association between estrogen-dependent ER
down-regulation and improved transcriptional efficacy of the
receptors (46). Although it might be counterintuitive to think that
in the presence of estrogen, lower ER levels signal a stronger
hormone response, this seems to be the case. Thus, the inefficient ER
down-regulation in the LN could be associated with poorer hormone
responsiveness at that site. In the mouse tumors, PR expression
levels (Fig. 6), which are markers of estrogen action and ER function,
support this hypothesis. Assessment of PR levels in LNs and matched
primary tumors shows a trend towards a decrease in LN PR (Fig. 6).
This would be predicted by inefficient ER down-regulation. Clinically,
both up-regulation and down-regulation of PR have been reported in
the LN compared with primary tumors (45), but this has not been
correlated to ER in the same samples.
We also observe a statistically significant increase in the

proliferation rate of LN metastases compared with matched
primary tumors (Fig. 5B and C). Clinically, increased mitoses in
nodal metastases compared with primary tumors have been
reported (47), possibly due to release of cytokines and growth
factors, such as insulin-like growth factor-I and epidermal growth
factor, by the LN (48). The implications of this growth promotion
within LNs for failure of hormone treatments in metastatic
disease could be important. If, in the LN microenvironment,
cytokines and growth factors are the dominant mitogens, then LN
metastases would be less sensitive than primary tumors to
estradiol-suppressive therapies. Indeed, in metastatic disease,

Figure 7. Selection of CD44+ MCF-7 tumor cells for lymphatic transit and
examples of lung metastases and perineurial invasion. A, tumors (n = 5) taken
from estradiol-treated mice, and their matched LV (n = 3) and/or LNs (n = 6),
were probed with mouse anti-CD44 and goat anti-mouse HRP-conjugated
secondary antibodies. Top, a tumor and its matching LN. Bottom, a triad of
tumor, LV, and LN taken from the same mouse. B, left, H&E stain of a
paraffin-embedded section of T47D cells from an estradiol-treated mouse with
metastasis to the lung. Right, a serial section processed for fluorescence
microscopy. C, left, H&E stain of MCF-7 tumor cells from an estradiol-treated
mouse showing perineurial invasion. Right, CK18 stain of a deeper section.
*, nerve; arrow, tumor cells.
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tamoxifen, which targets ER signaling pathways, is rarely
associated with long-term remission, exhibiting decreased mean
time to disease progression and decreased duration of response
than local disease (41, 49, 50).
In summary, we have developed models of ER+ human breast

cancers that reliably spread to LNs from solid tumors. Through the
use of a new generation fluorescent protein, ZsGreen, we are able
to identify cancer cells in tumors, LV emboli, LNs, and, occasionally,
more distant sites for further molecular analysis. These studies
show that the tumor cells found in LNs overexpress markers
associated with tumor aggressiveness. At the same time, the LN
microenvironment may suppress estrogen sensitivity of tumor

cells, which would make them more resistant than primary tumors
to ER-targeted treatments.
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Abstract

Adenocarcinoma cells from the pleural effusion of a patient
with breast cancer were injected into the mammary glands of
nude mice and grown into solid tumors. A cell line derived
from these tumors expressed A-smooth muscle actin but not
human cytokeratin 7, indicating ‘‘activated’’ stroma of mouse
origin. Cells in mitosis exhibited mainly polyploid mouse
karyotypes, but 30% had mixed mouse and human chromo-
somes, among which 8% carried mouse/human translocations.
Nuclei of interphase cells were 64% hybrid. Hybrid mouse/
human nuclei were also detected in the primary xenograft.
Thus, synkaryons formed in the solid tumor by spontaneous
fusion between the malignant human epithelium and the
surrounding normal host mouse stroma. The transformed
stroma-derived cells are tumorigenic with histopathologic
features of malignancy, suggesting a new mechanism for
tumor progression. (Cancer Res 2006; 66(16): 8274-9)

Introduction

The epithelial cell subpopulation and its genetic alterations have
traditionally driven our understanding of the biology and
metastatic behavior of adenocarcinomas (1). Recently, however,
studies have focused on the stromal microenvironment at the
tumor boundary and its possible role in tumor progression (1).
Stromal ‘‘activation’’ or desmoplasia is observed in many human
malignancies including breast cancers (2–4). It has been defined as
stroma that exhibits reactivation of fetal-like phenotypic properties
with reexpression of cytokines, growth factors, and their receptors;
changes resembling ones normally observed in wound healing (5).
In malignancies, such changes contribute to altered epithelial cell
morphology, accelerated cell migration, extracellular matrix
remodeling, and angiogenesis (1, 6, 7).

Whether ‘‘activated’’ stroma is genetically transformed has been
under debate. Multiple studies report that stromal enzymes and
growth factors, although reexpressed in malignancies (8–11), are
not otherwise different from normal patterns observed during

nonneoplastic tissue remodeling (10). Therefore, it has been
proposed that epigenetic mechanisms are involved in these
changes (1, 4, 12). However, some recent studies have reported
the loss of heterozygosity in DNA isolated from microdissected
tumor stroma, with changes that are either similar to (13, 14) or
distinct from (14, 15) the genetic modifications found in the
adjacent malignant epithelium. This would suggest genetic
mechanisms for stromal remodeling. Tumor-associated vascular
endothelial cells with cytogenetic abnormalities have also been
reported (16), and both benign (e.g., fibroadenoma) and malignant
(e.g., metaplastic carcinomas and sarcoma phyllodes) tumors are
known to arise in, or resemble breast stroma (17). These studies
also suggest the possibility that juxtatumoral stroma can be
genetically different from normal stroma. However, the mecha-
nisms for such genetic changes remain unclear. One proposal
posits that carcinogenic events that alter the epithelium simulta-
neously alter the stroma (1, 15). Another proposes that cell-cell
fusion, with generation of hybrid variants, can contribute to tumor
cell diversity (18). We now report direct evidence using an
experimental model system, for the malignant transformation of
normal host stroma induced by fusion with malignant epithelium.
The hybrid cells thus generated are capable of forming highly
aggressive tumors.

Materials and Methods

Pleural effusion and cell culture. The patient, a 65-year-old female,
presented with a 3 cm, poorly differentiated infiltrating ductal carcinoma

with involved lymph nodes. The tumor was estrogen receptor (ER)–positive,

progesterone receptor (PR) unknown, HER2 unknown. After surgery, she

received six cycles of Cytoxan, Adriamycin, and 5-fluorouracil, followed by
radiation therapy and 5 years of Tamoxifen. Three years after completing

Tamoxifen therapy, the patient presented with a malignant pleural effusion

and underwent thoracentesis. Immunohistochemistry of the pleural cells
showed them to be ER (0%), PR (7%), and HER2 (0%). An Institutional

Review Board–approved tissue acquisition protocol and patient-informed

consent were obtained to acquire blood and tissue for research purposes.

Immunocytochemistry. Cells were fixed and stained as previously
described (19). Cells were stained with anti-a-smooth muscle actin

(Novacastra, United Kingdom), or anti-cytokeratin 7 (DAKO, Carpinteria,

CA). HeLa human cervical carcinoma cells served as controls. Nuclei were

counterstained with 4¶,6-diamidino-2-phenylindole (DAPI).
Immunohistochemistry. Tumors were excised and processed as

previously described (19). Five-micrometer sections were cut, fixed, and

stained as described. Immunohistochemistry for ER used the monoclonal
antibody 1D5 (DAKO).

Xenografts: BC6 cells and creation of BJ3Z cell line. Pleural effusion
cells were passaged once in vitro in the presence of penicillin/streptomycin

for 72 hours to remove debris. Four million adherent or floating cells
(named BC6 cells) in 100% Matrigel (BD Biosciences/Clontech, Mountain

View, CA) were separately xenografted into each fourth mammary gland of

ovariectomized nu/nu mice, supplemented with a 17h-estradiol (E)

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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releasing pellet to yield circulating hormone levels of 145 F 47 pg/mL, and
grown into tumors for 12 weeks. One tumor was excised, and a

representative portion was fixed, paraffin embedded, sectioned (5 Am),

and stained with H&E. Cells in the remaining tumor segment were

dispersed without enzymes using a pestle and 45 Am nylon mesh, and
cultured in 10% FCS containing MEM (20). A permanent cell line, BJZ3, was

established.

Fluorescent BJ3Z cells. BJ3Z cells were transduced with ZsGreen

expressing viruses and highly green fluorescent cells were isolated by flow
cytometry to yield ‘‘BJ3Zg’’ cells. One million cells were injected bilaterally

into the fourth mammary gland of ovariectomized nude mice and tumor

size was measured biweekly for 11 weeks. Fluorescent intravital imaging

used an Olympus (Melville, NY) SZ-61 dissecting microscope coupled to an
Olympus C-5050 digital camera, under white light or a 470 nm excitation

filter and 515 nm viewing filter incorporated into the imaging equipment.

Fluorescence imaging of BJ12 histologic (5 Am) sections were done using a
Nikon (Melville, NY) Eclipse E600 microscope with 480/30 nm excitation

and 535/40 nm emission filters at 200� magnification.

Karyotyping and fluorescence in situ hybridization. Cells in the log
phase of growth were fixed and labeled as previously described (21).

Metaphase spreads from BJ3Z cells were hybridized with human or mouse

Cot-1 DNA labeled with SpectrumGreen or SpectrumRed as described (22).

Confocal microscopy. Images were captured with a Zeiss (Thornwood,
NY) LSM 510 NLO laser scanning confocal microscope using a Zeiss 63�
Apochromat oil immersion lens (numerical aperture, 1.4; working distance,

0.09 mm) with Z-step sizes of 1.0 to 0.5 Am and 1,024 � 1,024 resolution

(f0.05 Am pixels).

Results

A female patient originally diagnosed and treated for an ER-
positive primary breast cancer underwent thoracentesis after
presenting 8 years later with a pleural effusion. An aliquot of the
pleural fluid was removed for clinical assays at which time the
tumor cells were reported to be ER-negative, but with some PR
positivity. The remaining tumor cells were precipitated and

Figure 1. Breast cancer cells from a pleural effusion, their growth
as a mouse tumor, and isolation of an immortalized stromal cell line
(BJZ3) derived from the xenograft. A, BC6 pleural effusion cells
(adherent or floating cells) were separately xenografted into each
fourth mammary gland and grown into tumors for 12 weeks. Both
cell types yielded similar tumors. B, one tumor was excised and
stained with H&E. Histopathologic examination shows a poorly
differentiated adenocarcinoma with signet ring features (arrow ) in a
desmoplastic stromal background (*); magnification, �200.
C, mouse and human cells were stained for mouse Cot-1
(red) or human Cot-1 (green ); magnification, �200.
D, immunohistochemistry for ER with the monoclonal antibody
1D5. Cells in the remaining tumor segment were dispersed,
cultured, and a permanent cell line, BJZ3, was established.
E, BJZ3 cells at passage 15; magnification, �40. BJZ3 cells were
stained with (F ) anti-a-smooth muscle actin (SMA ) or (G)
anti-cytokeratin 7 (CK7 ). HeLa human cervical carcinoma cells
served as controls. Nuclei were counterstained with DAPI.
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incubated in vitro for 72 hours in the presence of penicillin/
streptomycin to remove debris. Four million adherent or floating
cells from the effusion (named BC6 cells), in 100% Matrigel, were
then implanted into the mammary glands of 6-week-old,
ovariectomized nu/nu mice, and supplemented with a 17h-
estradiol releasing pellet (23) in view of the possible hormone
dependence of the patient’s disease.

Solid tumor xenografts (Fig. 1A) of variable size were removed 12
weeks later, sectioned for histopathologic examination and
immunohistochemical studies, and/or suspended and cultured
in vitro . Histology of a representative tumor (Fig. 1B) shows a

poorly differentiated adenocarcinoma (arrow), morphologically
consistent with the original diagnosis of a poorly differentiated
infiltrating ductal carcinoma of the breast, in a desmoplastic
stromal background (asterisk). The tumors contained both mouse
and human cells as shown by Cot-1 staining for mouse (red)
or human (green) DNA (Fig. 1C). Many cells were ER positive
(Fig. 1D), suggesting that the receptors were reexpressed in the
estrogenized solid tumor microenvironment.

Several cell lines were obtained from the solid tumors, one of
which, BJ3Z, is shown in Fig. 1E . Their characteristic spindle-
shaped fibroblastic morphology suggests that the cells are of

Figure 2. Karyotype analysis of BJ3Z cells shows hybrid cells that contain both mouse and human chromosomes. A, karyotype of one polyploid BJ3Z cell showing
only mouse chromosomes. B, karyotype of one BJ3Z cell containing both mouse and human chromosomes (bottom row ). Human chromosomes shown from left to
right are: Marker, Chromosome 20, 18, 18, 17, 15, 8 ?t(x;7), ?t(11;14). C, metaphase spreads from BJ3Z cells hybridized with mouse Cot-1 DNA labeled with
SpectrumGreen, and human Cot-1 DNA labeled with SpectrumRed showing: (a) a cell containing only mouse (green ) chromosomes and (b) a cell containing both
mouse (green ) and human (red ) chromosomes. Chromosomes are counterstained blue with DAPI. D, dual-color FISH of a metaphase spread using SpectrumRed-
labeled human Cot-1/SpectrumGreen-labeled mouse Cot-1 and counterstained with DAPI showing: (a) blue/red channels or (b) green/red channels. Arrows,
translocated chromosome.
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stromal origin; probably mouse. This assignment was confirmed by
presence of a-smooth muscle actin, a marker of myofibroblasts
associated with reactive stroma (Fig. 1F), and by the absence of
human cytokeratin 7 (Fig. 1G). In addition, BJ3Z cells were positive
for stromal cell-derived factor 1 and vimentin (data not shown),
further indices of activated stroma.

Because the mouse stroma supporting growth of the human
tumor xenograft in vivo was presumed to be normal at the outset,
immortalization of mouse BJ3Z cells in culture after a period of
crisis is evidence that they had become transformed. Indeed,

analysis of 100 metaphase spreads and 13 karyotypes confirmed
the mouse assignment, and showed that 70% of cells were
polyploid, averaging 72 to 83 (f4n) chromosomes (Fig. 2A).
However, distinct human chromosomes were detected among the
mouse chromosomes in f30% of spreads and karyotype analyses
of these cells revealed distinct human banding patterns (Fig. 2B,
bottom row). Dual-color fluorescence in situ hybridization (FISH) of
42 metaphases showed 26 cells (62%) with all green (mouse)
painted chromosomes (Fig. 2C, a) and 16 (38%) with a combination
of red (human) and green (mouse) chromosomes (Fig. 2C, b). These

Figure 4. BJ3Z stromal cells are tumorigenic. BJ3Zg cells were injected bilaterally into the fourth mammary gland of ovariectomized nude mice and grown into
tumors for 11 weeks. A, total tumor burden per mouse, in two mice (BJ11 and BJ12). B, (top ) fluorescent whole body imaging using: (a) white light and (b) a 470 nm
excitation filter and 515 nm viewing filter; (bottom ) fluorescent intravital imaging under: (c ) white light or (d ) above filters. C, fluorescence imaging of BJ12
histologic sections; magnification, �200. D, H&E-stained section of BJ12 tumor showing: (a ) a spindle cell tumor aggressively infiltrating normal mammary adipose
tissue and entrapping a mammary duct (*); magnification, �100; (b ) exhibiting cytologic pleomorphism, brisk mitotic rate (white arrow, mitotic figure), atypical
(multipolar) mitoses (black arrow ) and single cell necrosis (black arrowhead ); magnification, �400.

Figure 3. Hybrid mouse/human interphase nuclei are present in cells and solid tumors. A, interphase nuclei from BJ3Z hybridized with mouse DNA labeled with
Cot-1 SpectrumGreen and human Cot-1 DNA labeled with SpectrumRed. Arrows, hybrid cells. B, interphase nuclei from a solid tumor xenograft like the one
shown in Fig. 1A (arrow, hybrid cell). C, confocal microscopy of dual-color FISH-labeled solid tumor xenograft showing a hybrid nucleus. A representative Z stack image
using a red and green filter. Z-stack images were exported as a movie that can be viewed as Supplementary Material (Movie S1).

Epithelial Tumor Cell Fusion with Stroma
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16 synkaryons averaged 75 to 89 chromosomes which included the
recurrent presence of human chromosomes 3, 5, 8, der(?)t(11;14),
15, 17, 18, 19, 20, 21, der(X)t(X;7) among the polyploid mouse
complement. A few of these (8%) were found to have mouse/
human translocations (Fig. 2D a, b, arrows). Two-hundred
consecutive interphase BJ3Z nuclei (Fig. 3A) showed an even
higher proportion (64%) of synkaryons than did the mitotic cells,
suggesting a decrement in cell division rate among the hybrid cells.
Indeed, karyotype analysis of later passage cells shows genetic drift,
a decrease in the average number of chromosomes (72-83 versus
60-73 in early versus late passage, respectively), and gradual
deletion of the human chromosomes (data not shown).

To determine whether the mouse stroma/human epithelial cell
fusions occurred in vitro or were present in the solid tumor
xenografts prior to culture, tumors taken directly from mice were
paraffin embedded, sectioned, and probed with red (human) or
green (mouse) fluorescent Cot-1. Figure 3B shows interphase nuclei
in solid tumors that express only mouse (green), only human (red),
or hybrid mouse/human chromatin (arrow). The fluors were then
reversed so that human Cot-1 was tagged green, and mouse
Cot-1 was tagged red, and solid tumor sections were reprobed
and analyzed by laser scanning confocal microscopy (Fig. 3C).
A representative Z-stack image shows blue DNA including red and
green chromosomes, confirming the existence of hybrid cells in the
solid tumor. A movie showing a three-dimensional view of a cell
containing both mouse and human DNA is available online at the
journal’s web site for viewing as Supplementary Material (Movie S1).

To determine whether the mouse mammary stromal cell line
was tumorigenic, BJ3Z cells were fluorescently tagged by trans-
duction with retroviruses expressing ZsGreen. Bright green cells
were isolated by flow cytometry, and 1 million cells were injected
bilaterally into the fourth mammary gland of ovariectomized nude
mice. Tumors grew slowly initially, then underwent accelerated,
exponential growth. Figure 4A shows the growth pattern and
average bilateral tumor area in two different mice. Figure 4B
(a and b) shows a tumor that fluoresces green in a mouse, and Fig.
4B (c and d) shows a small, green fluorescent tumor in the fourth
mammary gland detected after necropsy and dissection. These
data confirm that the tumors developed from the injected
exogenous stromal cells and not from endogenous normal mouse
stroma. Histology and fluorescence microscopy confirm the BJ3Z
origin of the tumors (Fig. 4C). Histopathologic examination shows
a biologically aggressive spindle cell tumor with features of high-
grade malignancy, including aggressive infiltration of mammary
tissue (Fig. 4D, a) and cytologic pleomorphism with brisk mitotic
rate, atypical multipolar mitoses, and single cell necrosis (Fig. 4D,
b). The histopathologic features of the tumors indicate that these
new stromal-derived cells are highly aggressive.

Discussion

Inherent in malignant progression is the acquisition of cell
subpopulations exhibiting cytogenetic abnormalities characterized
by aneuploidy and chromosomal rearrangements. Multiple mech-
anisms can give rise to aneuploid cells and genomic instability,
including mutation of key genes, or cell cycling defects with
associated inactivation of tetraploid checkpoints (24). Because
spontaneous fusion between cells of the same species in vivo is
almost impossible to detect, little is known about this process.
Exceptions involve cell fusion as part of normal development
including fusion of egg and sperm, formation of muscle cell

syncytia, or the syncytiotrophoblast of pregnancy (24, 25). However,
spontaneous cell fusion between phenotypically distinct cells may
represent an understudied mechanism for the generation of
aneuploidy and diversity among cancer cells. There are rare
reports of in vivo tumor cell fusion. One study published >30 years
ago described the formation of highly aggressive tumors arising
from human/hamster cell hybrids (26). Another, using chimeric
mice, reported the formation of tumors that contained markers of
both parental strains (27). The mechanisms for such ‘‘illicit’’ cell
fusion (28) in vivo are unknown. In vitro , such fusion can be caused
by a variety of agents including viruses (28), fusogenic proteins, and
chemicals like polyethylene glycol (18).

The presence of hybrid cells in the solid tumorswe describe here is
evidence of a spontaneous fusogenic event between the normal
stroma of the mouse mammary gland and the malignant human
tumor cells embedded within them. In this regard, we observe rapid
(<10 days) colonization by blood vessels and stroma of the Matrigel-
encased tumor cells in mice (data not shown). Although we cannot
definitively comment on the frequency of such fusogenic events, the
fact that itwas detected the first time the primary human tumor cells
were implanted into mice suggests that the phenomenon may be
quite common. Because the primary tumor cells were derived from a
metastatic pleural effusion, their aggressiveness was already
established. We speculate therefore, that similar fusogenic events
may be especially prevalent at metastatic sites, in which case, they
would involve the normal stroma of the distant host organ and the
malignant epithelial cells that arrive there.

Our data prompt us to hypothesize that through fusogenic
events, malignant epithelial cells can acquire the ability to
genetically transform their stromal microenvironment. Previous
studies have shown that activated stroma is involved in
tumorigenesis, and that within malignant lesions, it supports
angiogenesis and extracellular matrix remodeling (29, 30). We
propose that in established tumors, activated stroma may also be
genetically transformed, enhancing aggressiveness and metastatic
potential because it is composed of hybrid cell variants expressing
properties that differ from those of either parental cell (18, 31, 32).
That is, when genetic alterations are induced in stroma by its
malignant epithelial partner, the resultant tumor—now a mixture
of transformed cell types—will augur a poor prognosis for the
patient. Indeed it is possible that highly aggressive metaplastic
breast cancers, exhibiting mixed epithelial/mesenchymal origins of
unknown etiology, arise by such a mechanism.

In sum, cell fusion can be an engine of genetic variability that
even within a tumor generates cells with new, possibly more
aggressive properties; a hallmark of cancer progression. Such a
mechanism could also explain the outgrowth of drug-resistant
cell subpopulations and suggests that even for adenocarcinomas,
therapies might need to target stromal cells. This is the first
demonstration, to our knowledge, of genetic transformation of
stroma by malignant epithelium in a solid tumor.
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Thyroid Outcome During Long-Term Gonadotropin-Releasing Hormone
Agonist Treatments for Idiopathic Precocious Puberty
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bstract Purpose: To examine the effects of long-term gonadotropin-releasing hormone agonist (GnRHa)
administration on thyroid function in children affected by central precocious puberty (CPP).
Methods: We retrospectively evaluated circulating thyroid hormones in 73 GnRHa-treated girls
who were diagnosed with idiopathic CPP. Monthly depot injections (.1 mg/body kg) of leuprorelin
acetate (LA) and of triptorelin (TR) were continuously administered for 40.4 � .7 months to 34 and
39 CPP patients, respectively. Serum levels of thyrotropin (TSH), free triiodothyronine (FT3), free
thyroxine (FT4), and thyroid antibodies were determined at baseline and after 6, 12, 18, 24, 30, 36,
and 40 months of GnRHa administration.
Results: While there was no difference in FT4 release (p � .05), FT3 levels significantly declined
during both LA and TR treatments from untreated baseline (p � .05). Opposite to circulating FT4
and FT3 values (p � .05), FT3/FT4 ratio was significantly different among LA and TR groups
(p � .05). Both GnRHa treatments did not affect TSH secretion (p � .05); however, LA induced
lower TSH values than TR (p � .05).
Conclusions: There is no evidence of thyroid dysfunction during both GnRHa treatments, though
changes in TSH, FT3, and FT3/FT4 ratios were noted. Finally, monitoring of thyroid activity during
GnRHa administration is not required. © 2007 Society for Adolescent Medicine. All rights reserved.

Journal of Adolescent Health xx (2007) xxx–xxx
eywords: Gonadotropin-releasing hormone agonist; Leuprorelin acetate; Precocious puberty; Thyroid; Triptorelin
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Since the 1980s, long-acting gonadotropin-releasing hor-
one agonist (GnRHa) preparations have been the most

ffective treatment for children affected by idiopathic cen-
ral precocious puberty (CPP) [1–3]. Administration of
nRHa drugs, such as leuprorelin acetate (LA) and triptore-

in (TR), results in an initial increase in serum luteinizing
ormone (LH) and follicle-stimulating hormone (FSH) lev-
ls and a corresponding rise in circulating estrogens and
ndrogens [1,2,4]. Prolonged administration of these
rugs inhibits gonadotropin secretion by downregulating
nRH receptors, therapeutically inducing a hypogonadic

tate [1–3].

*Address correspondence to: Francesco Massart, M.D., Ph.D., Pediat-
ic Endocrine Center/Department of Pediatrics, University of Pisa, Via
oma 67, 56125 Pisa, Italy.
mE-mail address: massart@med.unipi.it

054-139X/07/$ – see front matter © 2007 Society for Adolescent Medicine. All
oi:10.1016/j.jadohealth.2006.09.024
Many GnRHa formulations are available today, and usu-
lly differ from the native GnRH decapeptide by some
mino acid substitutions. For example, TR differs from
ative GnRH by one Dtryptophan at the sixth position
Trp6), whereas LA substitutes amino acids at the sixth
Leu6) and tenth (N-ethylamide10) positions [4]. The amino
cid substitutions increase the drug’s resistance to metabo-
ism, prolong its action, and increase its potency. Although
R and LA are different biochemically, they are clinically

egarded as identical and are usually given intramuscularly
IM) at 4-week intervals to pediatric patients [5–8].

Because the amino acid sequences of the depot GnRHa
re different, it is possible that the clinical potency and the
uration of drug action are not the same [6]. Few clinical
tudies directly comparing different GnRHa preparations
ave been performed in CPP children [9,10]. In addition,

ost adverse effects or specific mechanisms by which

rights reserved.



G
a
h

r
f
G
t
w
t
a
s

t
s
o
[
n
t
T
t
a
h
a
h
p
t

t
c
t
a
t
t
i
i

M

P

t
g
t
R
a
c
i
m
f
m
w
i

C
G
m
n
T
m
s
w
a
a
p
c
i
g
p

a
a
w
c
F
g
t
m

e
o

H

w
t
4
m
T
L
I
o
b
7
T
T
T
F
p
r
a

S

u
f

2 F. Massart et al. / Journal of Adolescent Health xx (2007) xxx–xxx

ARTICLE  IN  PRESS
nRHa affects hormonal secretion other than gonadotropins
re still unknown [11]. We recently reported asymptomatic
yperprolactinaemia as a side effect of TR treatment [12].

Next to general concerns about GnRHa treatment safety,
eports on the relationship between GnRHa and thyroid
unction are controversial. Some authors indicate that
nRHa themselves have no effect on the serum levels of

hyroid hormones or pituitary thyrotropin (TSH) [13,14],
hereas others report that GnRHa may induce autoimmune

hyroid dysfunction [15–20]. To date, sporadic data are
vailable for children concerning GnRHa-induced thyroid
tatus [19].

As result of a hepatic first-pass effect, the oral adminis-
ration of estrogens causes a dose-dependent increase in the
erum levels of thyroxine-binding globulin (TBG) as well as
ther hormone-binding proteins synthesized in the liver
21,22]. This phenomenon is similar to the effects of preg-
ancy when circulating estrogen levels increase by more
han two orders of magnitude by the third trimester [22].
he elevation of TBG levels raises the bound fraction of

hyroxine, and lowers its free fraction. Also, total thyroxine
nd, to a lesser extent, total triiodothyronine increase in any
yperestrogenemic state, including oral contraceptive use
nd pregnancy [22]. In this view, following GnRHa-induced
ypogonadism after premature awakening of hypothalamic-
ituitary-ovary axis might dysregulate child thyroid func-
ion.

The present study was undertaken to chart thyroid func-
ion during long-term GnRHa administration. We compared
irculating levels of TSH, free triiodothyronine (FT3), free
hyroxine (FT4), antibodies to thyroglobulin (TGAb), and
ntibodies to thyroperoxidase (TPOAb) in 73 CPP girls
reated with TR and LA drugs. We found that long-term
reatment with TR or LA did not induce thyroid dysfunction
n euthyroid children, although both these GnRHa slightly
nhibited thyroid secretion by different mechanisms.

ethods

atient population

To assess thyroid function during long-term GnRHa
reatment, we retrospectively analyzed clinical data of CPP
irls attended as outpatients at the Pediatric Endocrine Cen-
er of Pisa between 1998 and 2004. After local Institutional
eview Board approval, informed consent was obtained for
ll parents of patients prior to the study. The inclusion
riteria in the study were: (1) being a female affected by
diopathic CPP; (2) being continuously GnRHa-treated for
ore than 37 months; (3) one IM monthly-depot GnRHa

ormulation used during the treatment; and (4) GnRHa treat-
ent withdrawal at bone age of 12–12.5 years. Furthermore,
e excluded from this analysis patients with GnRHa-
nduced hyperprolactinaemia [12]. P
Seventy-three Caucasian girls affected by idiopathic
PP were found to fit the above study criteria. They were
nRHa-treated for 37.2–43.3 months (mean � 40.4 � .7
onths) with LA and TR drug formulations. At CPP diag-

osis, all patients had a history of increased growth velocity,
anner breast stage of at least 2, and bone age was advanced
ore than 1 year; LH and FSH responses to the GnRH

timulation test (100 mg/m2, intravenous [IV] bolus dose)
ere in the pubertal range [23]. Clinical CPP diagnosis was

lso confirmed by 17-�-estradiol (E2) levels � 25 pg/mL
nd by age � 8 years. No patient had any evidence of: (1)
rogressive organic central nervous system disorders by
omputer tomography or magnetic resonance imaging, (2)
dentifiable adrenal or gonadal pathology, (3) thyroid or
rowth hormone deficiency, (4) or any other central or
eripheral causes of precocious puberty.

Thirty-four (46.6%) girls were treated with leuprorelin
cetate IM (Takeda Chemical Industries Ltd, Osaka, Japan)
t a mean dose of .1 mg/body kg every 28 days (LA group),
hereas 39 (53.4%) received triptorelin depot IM (De-

apeptyl, Ipsen Pharma Biotech S.A., Toulon Cedex,
rance) at a mean dose of .1 mg/body kg every 28 days (TR
roup). CPP patients were randomly assigned to LA or TR
reatment. The GnRHa doses were adjusted during the treat-
ent according to patient weight.
GnRHa suppression of gonadotropin secretion was checked

very 6 months by radioimmunoassays (RIA) for serum levels
f LH, FSH, and E2 in both LA and TR groups.

ormone assays

Serum levels of TSH, FT3, FT4, TGAb, and TPOAb
ere assayed before (untreated baseline) and during GnRHa

reatment at 6-month intervals (at 6, 12, 18, 24, 30, 36, and
0 months). TSH, FT3, FT4, TGAb, and TPOAb were
easured using commercial RIA kits (TSH, FT3, FT4,
echno Genetics, Milan, Italy; TGAb, Biocode-Hycle,
iege, Belgium; TPOAb, Brahms, Hennigsdorf, Germany).

n our hands, these RIA assays had within-assay coefficients
f variation of 6.8%, 5.5%, 5.1%, 5.8%, and 5.5%, while
etween-assay variability was 4%, 6.8%, 7.5%, 8.4%, and
.6% for TSH, FT3, FT4, TGAb, and TPOAb, respectively.
he detection limit of RIA method was .01 �U/mL for
SH, .5 pg/mL for FT3, .8 pg/mL for FT4, 3 IU/mL for
GAb, and 3 IU/mL for TPOAb. Normal ranges of TSH,
T3, FT4, TGAb, and TPOAb were .3–3.6 �U/mL, 2.3–5.6
g/mL, 5.6–13.0 pg/mL, 0–50 IU/mL, and 0–10 IU/mL
espectively. All blood samples from each subject were
nalyzed in single assay.

tatistical analysis

Data were expressed as mean � standard deviation (SD)
nless otherwise stated. Statistical evaluation was per-
ormed using one-way analysis of variance (ANOVA) and

earson’s correlation (r) where multiple samples were ob-
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ained. When two sets of data were compared (e.g., LA vs.
R series), a paired and an unpaired Student’s t-test was
mployed. A two-tailed significance test was used for all
omparisons and p � .05 was considered statistically sig-
ificant. Bonferroni’s adjustment to the p-value was applied
here appropriate.

esults

At the start of GnRHa treatment, the auxological char-
cteristics of CPP subjects treated with TR and LA were
tatistically similar (p � .05; Table 1). During GnRHa
reatment, down-regulation of the pituitary-gonadal axis
as confirmed by suppressed LH, FSH, and E2 levels. They

ell significantly during TR treatment with serum values of
76 � .5 IU/L, 1.23 � .6 IU/L, and 13.6 � 1.5 pg/mL,
espectively (p � .001 for all three hormones as compared
ith their levels before TR treatment). During LA admin-

stration, circulating levels of LH, FSH, and E2 were .8 � .5
U/L, 1.5 � .6 IU/L, and 14.3 � 1.3 pg/mL, respectively
p � .001 for all three hormones as compared with their
evels before LA treatment). Regarding LH, FSH, and E2,
o significant difference was found among LA and TR
roups before and during GnRHa treatment (p � .05).

The effect of GnRHa administration (LA plus TR
roups) on thyroid function was evaluated by comparing
irculating TSH, FT4, and FT3 values at diagnosis (base-
ine) and throughout 40 months of GnRHa treatment
Table 2). While TSH secretion was not affected by GnRHa
dministration (p � .05 for any levels vs. pretherapy), FT4
evels slightly declined from 9.3 � 1.7 pg/mL (untreated

able 1
linical data of CPP patients at the start of GnRha administration

TR group
(n � 39)

LA group
(n � 34)

hronological age (yr) 7.4 � .9 7.2 � 1.2
ubertal stage: median (range)
Tanner breast 2 (2–3) 2 (2–3)
Tanner pubic hair 2 (2–3) 2 (2–3)

asal LH (IU/L) 2.8 � 1.5 2.4 � .9
asal FSH (IU/L) 3.6 � .9 4.0 � 1.3

2 (pg/mL) 27.9 � 2.0 28.4 � 1.7
herapy months 4.2 � .6 4.5 � .4

Note: a p � .05 TR vs. LA group.

able 2
hyroid function during GnRHa treatment

GnRHa (months) 0 6 12

SH (�U/mL) 2.1 (.9) 2.4 (1.2) 2.2 (1.0)
T4 (pg/mL) 9.3 (1.7) 9.4 (1.7) 9.4 (1.8)
T3 (pg/mL) 4.3 (.5) 4.2 (.6) 4.1 (.5)a

T3/FT4 ratio .463 (.013) .446 (.005)a .434 (.004)a
Mean (SD); a p � .05 vs. untreated baseline.
aseline) to 8.2 � 1.9 pg/mL at 40 months of GnRHa
herapy (p � .05 for any levels vs. pretherapy). These
esults were confirmed by ANOVA analysis (p � .05 for
SH and for FT4 data, respectively).

After 6 months of GnRHa treatment, mean FT3 levels
howed a significant decline from a basal concentration of
.3 � .5 pg/mL to 3.5 � .6 pg/mL at 40 months (p � .05
or six time points; Figure 1A). During GnRHa treatment,
T3 values positively correlated with FT4 (r � .983; p �

05), such as TSH secretion against serum levels of FT4
r � .664; p � .05) and FT3 (r � .733; p � .05), respec-
ively. Additionally, during GnRHa treatment, a declining
rend in the FT3/FT4 ratio (p � .05 for all seven time points
s. basal level; Figure 1B) with significant correlation be-
ween the FT3/FT4 ratio and amount of TSH secreted (r �
814; p � .05) was detected. ANOVA analysis reported
ignificant trends during GnRHa administration for FT3

24 30 36 40

9) 2.1 (1.0) 2.0 (.7) 2.3 (.7) 2.1 (.9)
.6) 8.8 (.9) 8.7 (1.6) 8.8 (2.2) 8.2 (1.9)

7)a 3.7 (.7)a 3.7 (.5)a 3.8 (.7)a 3.5 (.6)a

007)a .426 (.004)a .429 (.003)a .431 (.01)a .424 (.002)a

igure 1. (A) Serum FT3 level (� SD) in CPP children during 40 months
f GnRHa. (B) Mean FT3/FT4 ratio (� SD) in GnRHa-treated CPP
hildren. Open arrow indicates GnRHa treatment start (*p � .05 vs.
ntreated baseline).
18

2.5 (.
9.2 (1
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F � 2.423; p � .05) and for the FT3/FT4 ratio (F � 2.301;
� .05), respectively.
Next, the LA and TR series were separately compared

Table 3). ANOVA analysis revealed that TSH levels were
tatistically different than baseline in the TR group (F �
.323; p � .05) but not in the LA group (F � 1.663; p �
05). TSH levels were not different from basal levels in both
nRHa groups (p � .05, for all seven time points in both
roups), however, LA-treated TSH values were signifi-
antly lowered compared to TR-treated TSH values from
2–40 months of GnRHa treatment (o � .05 for all six time
oints, LA vs. TR group; Figure 2A).

No difference in FT4 values were observed during 40-
onths of GnRHa administration in both LA and TR treat-
ent groups (p � .05 for all seven time points vs. baseline).
NOVA analysis did not detect significant differences dur-

ng GnRHa treatment (p � .05), and mean FT4 levels were
ot different between the TR and LA groups (p � .05, for
R vs. LA series). During GnRHa treatment, FT4 secretion
as found to negatively correlate with TSH in both the LA

r � – .423; p � .05) and TR groups (r � – .400; p � .05).
Over time, both the LA and TR treatments reduced FT3

evels, although these values did not differ among the two
roups (p � .05 LA vs. TR group) (Fig. 2B). FT3 was
ignificantly lower than baseline after 12 months in the LA
roup (p � .05 for all six time points), and after 24 months
n the TR group (p � .05 for all four time points). Further-
ore, significant FT3 changes from untreated levels were

ssessed by ANOVA analysis for both TR (F � 2.319; p �
05) and LA treatment (F � 2.501; p � .05). During GnRHa
reatment, FT3 secretion significantly correlated with TSH
n the LA (r � 0.595; p � .05) but not in the TR group
r � – .219; p � .05), while a strong correlation was
bserved among FT3 and FT4 in the TR (r � .925; p � .05)
ut not in the LA group (r � .199; p � .05).

Regarding the FT3/FT4 ratio, ANOVA analysis detected
significant difference in the LA (F � 2.537; p � .05 vs.

asal level) but not in the TR series (p � .05 vs. basal level).

able 3
omparison of TSH and thyroid hormone levels among LA- and TR-trea

Months

0 6 12 18

R group
TSH (�U/mL) 2.0 (.9) 2.3 (1.2) 2.4 (1.1) 2
FT4 (pg/mL) 9.7 (1.7) 9.7 (1.8) 9.0 (1.6) 9
FT3 (pg/mL) 4.3 (.6) 4.3 (.5) 4.1 (.6) 4
FT3/FT4 ratio .447 (.007) .440 (.005) .458 (.01) .45

A group
TSH (�U/mL) 2.3 (.9) 2.5 (1.3) 1.8 (.8)b 2
FT4 (pg/mL) 9.3 (1.9) 8.4 (.9)b 1.2 (2.0)b 9
FT3 (pg/mL) 4.3 (.4) 4.0 (.5) 3.9 (.5)a 3
FT3/FT4 ratio .463 (.01) .470 (.007)b .382 (.005)a,b .40

Mean (SD); a p � .05 vs. baseline for LA and TR group; b p � .05 TR
o difference was detected in TR-treated patients (p � .05 F
s. pretherapy for all time points), whereas LA induced a
ignificantly lower FT3/FT4 ratio than the basal level from
2–40 months of treatment (p � .05 for all six time points;
igure 2C). In addition, the FT3/FT4 ratio significantly
orrelated with TSH in the LA (r � .843; p � .05) but not
n the TR group (r � .330; p � .05). TR-induced FT3/FT4
atio was significantly higher than the LA series at 12, 18,
4, 30, 36, and 40 months (p � .05 LA vs. TR group).

The serum levels of thyroid antibodies, TGAb and
POAb, were determined to not be present in all patients
efore and during GnRHa therapy (p � .05, vs. baseline;
ata not shown). Furthermore, no difference was detected
mong LA and TR group (p � .05, LA vs. TR series; data
ot shown). Also, none of TGAb and TPOAb levels were
tatistically different as assessed by ANOVA (p � .05).

Finally, GnRHa administration resulted in no difference
n body mass index (BMI) among LA and TR treatment
p � .05; data not shown). None of the thyroid hormone
evels were statistically associated with BMI before and
uring GnRHa treatment (p � .05; data not shown). No
ignificant correlations were found between LH, FSH, or E2

ersus TSH, FT4, FT3, and FT3/FT4 ratio in both GnRHa
roups (p � .05). Importantly, no treatment side effects
ere detected in both LA and TR groups.

iscussion

GnRHa drugs are used in the treatment of a wide variety
f sex hormone-related diseases, including uterine leiomy-
ma, endometriosis, prostate, and breast cancer [1,2]. In the
ediatric population, GnRHa drugs are mostly used to delay
he effects of premature awakening of the hypothalamic-
ituitary-gonadal axis in children with CPP [3,5,6].

In our Pediatric Endocrine Center, CPP patients are de-
ermined for GnRHa suppression of gonadotropin-ovary
xis every 4–6 months by circulating LH, FSH, and E2

evels. In these blood samples, thyroid status is also checked
ecause we live in a moderate iodine-deficiency area [24].

ents

24 30 36 40

2.6 (1.2) 2.4 (.8) 2.5 (.6) 2.7 (1.1)
8.7 (.9) 8.5 (1.6) 8.8 (2.3) 8.2 (2.2)
4.0 (.5)a 3.8 (.3)a 3.9 (.6)a 3.7 (.5)a

) .460 (.012) .442 (.005) .436 (.011) .448 (.001)

1.7 (.6)b 1.7 (.5)b 1.9 (.8)b 1.8 (.7)b

9.5 (.5) 9.1 (1.6) 9.0 (1.0) 8.3 (.9)
3.4 (.8)a 3.7 (.7)a 3.8 (.8)a 3.4 (.7)a

)a,b .354 (.006)a,b .405 (.003)a,b .397 (.01)a,b .401 (.002)a,b

series.
ted pati

.5 (1.0)

.1 (1.6)

.1 (.7)
3 (.007

.0 (.6)b

.3 (1.7)

.8 (.7)a

6 (.007
urthermore, hypothyroidism is in differential diagnosis
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ith precocious puberty and some authors reported GnRHa-
nduced thyroid dysfunction [15–20,25].

To our knowledge, there has been no data published on
hyroid outcome in GnRHa-treated children. In this view,
e compared two widely used GnRHa, TR and LA, that

xhibit similar chemical structures, pharmacological pro-
les, and clinical outcomes [4,26]. Therefore, the present
tudy was designed to test the clinical benefits of thyroid
onitoring in children that were long-term GnRHa-treated.
Relatively few studies have investigated the effects of Gn-

Ha treatment on the pituitary-thyroid axis. After 2–3 monthly
epot injections of leuprolide acetate (DLeu6,Des,Gly-NH2

10-

igure 2. (A) Serum TSH release (� SD) in CPP children during 40
onths of LA (open triangle) and TR treatment (full square). (B) FT3

alues (� SD) in LA-treated (open triangle) and TR-treated (full square)
PP children. (C) Mean FT3/FT4 ratio (� SD) in CPP children during LA

open triangle) and TR treatment (full square). Open arrow indicates
nRHa treatment start (� and � p � .05 vs. baseline for LA and TR,

espectively. ° p � .05 LA vs. TR series).
roethylamide9 GnRH; 3.75 mg), Chantilis et al [13] observed a
nRHa-treated women presented slight lower (p � .05) basal
nd TRH-induced TSH levels than untreated control women.
lso, they did not detect any significant difference between
T3 and FT4 values [13]. These data are similar to those we
bserved in both GnRHa series during the first 6 months of
herapy. Because we assayed significant differences com-
ared to basal levels after 12–24 months of treatment, it is
ebatable whether thyroid dysfunction may result only from
nRHa administration longer than 12 months.
While no significant difference was detected in the FT4

evels during 40 months of treatment in both GnRHa series,
here were quite different TSH and FT3 patterns among the
A and TR groups. After 6 months of therapy, LA signif-

cantly lowered FT3 values. Consistent with unaffected
T4, LA-induced TSH was slightly, but not significantly,
ecreased versus baseline. Indeed, the reduced FT3/FT4
atio that occurred during treatment suggested LA may
nhibit the conversion of T4 into T3, which mostly occurs at
he extra-thyroid level. Interestingly, similar thyroid status
as reported during amiodarone treatment [27].
On the other hand, TR seems to directly influence thyroid

ecretion. TR-induced FT3 release was statistically lower
han pretherapy levels, whereas FT4 values presented a
teady, though not significant, decline during TR adminis-
ration. Both FT3 and FT4 declines were consistent with the
onstant FT3/FT4 ratio observed during TR treatment. In
his view, the inhibitor effect of TR treatment on FT3 and
T4 release may be partially opposed by steady TSH in-
rease. Finally, the clinical significance that TR treatment
ffects thyroid function was minimal.

To date, several reports suggest that painless autoim-
une thyroiditis may develop during buserelin acetate, na-

arelin, and leuprolide acetate treatment for uterine leiomy-
ma, endometriosis, or precocious puberty [15–20]. Most of
hese case reports were adult females without any back-
round autoimmune thyroid diseases before GnRHa treat-
ents (similar to our CPP patients). Moreover, the onset of

hyroid dysfunction and GnRHa therapy are not coinciden-
al in association because thyroid dysfunction developed at
–4 months (range � 1–8 months) after initiation of
nRHa treatments [15–20]. In this regard, the latest devel-
pment of autoimmune thyroiditis occurred in a 9-year-old
PP girl approximately 8 months after initiation of leupro-

ide acetate therapy [19]. To our knowledge, there has been
o data published regarding TR or LA induction of auto-
mmune diseases. In the 73 CPP children tested in this
tudy, normal values of TGAb and TPOAb were found
uring 40 months of GnRHa treatment. From our data and
thers [15–20], we hypothesize that the onset of risk is
nlikely after the first 12 months of GnRHa treatment.
owever, our data excluded that chronic LA or TR treat-
ents induce autoimmune thyroiditis.
Of special interest is that all CPP patients remained

linically euthyroid (serum TSH, FT3, FT4, and thyroid

ntibodies were found in the normal reference ranges) dur-
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ng the study. Therefore, the major clinical issue raised by
he data presented is that LA and TR did not induce thyroid
ysfunction in euthyroid subjects, although both of these
nRHa slightly inhibit thyroid secretion, with different
echanisms. With substantial euthyroidism of GnRHa-

reated subjects, we did not reveal any clinical usefulness to
requently check thyroid function during TR and LA ad-
inistration. In our opinion, it may waste health resources

nd yield unnecessary discomfort for the patient.
Until now, there has been no consensus about the im-

ortance of monitoring thyroid function in GnRHa-treated
hildren (unless clinical symptoms of thyroid dysfunction
ppear). We suggest obtaining TSH, FT4, FT3, and thyroid
ntibody levels before initiation of GnRHa therapy, and
gain at 8–12 months of such therapy. In cases of hormone
mpairment or antibody presence, thyroid function tests and
ltrasound assessment are recommended to minimize the
isk of undiagnosed thyroid dysfunction. Then, in our opin-
on, there is no need to routinely follow thyroid tests in
nRHa-treated patients unless clinical signs of thyroid dis-

ase development.
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